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PlASMA DYNAMICS
GENERATION OF THE LONGITUDINAL
CURRENT BY THE TRANSVERSAL
ELECTROMAGNETIC FIELD IN CLASSICAL AND
QUANTUM PLASMAS
A.V. Latyshev, A.A. Yushkanov
Moscow State Regional University
From Vlasov kinetic equation for collisionless plasmas distribution function in square-
law approximation on size of electromagnetic field is received. Formulas for calculation
electric current at any temperature (any degree of degeneration of electronic gas) are
deduced. The case of small values of the wave numbers is considered. It is shown, that
the nonlinearity account leads to occurrence the longitudinal electric current directed
along a wave vector. This longitudinal current orthogonal to known transversal
classical current, received at the linear analysis. From the kinetic equation with
Wigner integral for collisionless quantum plasma distribution function is received
in square-law on vector potential approximation. Formulas for calculation electric
current at any temperature are deduced. The case of small values of wave number
is considered. It is shown, that size of a longitudinal current at small values of
wave number and for classical plasma and for quantum plasma coincide. Graphic
comparison of dimensionless size of a current quantum and classical plasma is made.
INTRODUCTION
Dielectric permeability of quantum plasma was studied by many authors
[1] – [9]. It is one of the major characteristics of plasma also it is applied in
the diversified questions physicists of plasma [9] – [14].
Let us notice, that in work [1] the formula for calculation of longitudinal
dielectric permeability into quantum plasma for the first time has been
deduced. Then the same formula has been deduced and in work [2].
In the present work formulas for calculation electric current in classical
and quantum collisionless plasma at any temperature, at the any degrees of
degeneration of electronic gas are deduced.
The approach developed by Klimontovich and Silin [1] is thus generalised.
At the decision of the kinetic equation we consider as in decomposition of
distribution function, and in decomposition and sizes of the self-consistent
electromagnetic field and Wigner integral the sizes proportional to square of
intensity or potential of an external electromagnetic field.
Electric current expression consists of two composed. The first composed,
linear on intensity of an electromagnetic field, is known classical expression of
an electric current. This electric current is directed along the electromagnetic
fields. The second composed represents an electric current, which is propor-
tional to an intensity square of electromagnetic field. The second current it is
perpendicular to the first and it is directed along the wave vector. Occurrence
of the second current comes to light the spent account nonlinear character
interactions of an electromagnetic field with classical and quantum plasma.
In works [15] and [16] nonlinear effects are studied into plasma. In work
[16] the nonlinear current was used, in particulars, in probability questions
disintegration processes. We will note, that in work [17] it is underlined
existence nonlinear current along a wave vector (see the formula (2.9) from
[17]).
1 CLASSICAL PLASMAS
Let us show, that in case of the classical plasma described by the Vlasov
equation, the longitudinal current is generated and we will calculate its
density. On existence of this current was specified more half a century ago
[17]. We take the Vlasov equation describing of behaviour of collisionless
plasmas
∂f
∂t
+ v
∂f
∂r
+ e
(
E+
1
c
[v,H]
)
∂f
∂p
= 0. (1.1)
Electric and magnetic fields are connected with the vector potential by
equalities
E = −1
c
∂A
∂t
=
iω
c
A, H = rotA.
Therefore,
H =
ck
ω
Ey · (0, 0, 1), [v,H] = ck
ω
Ey · (vy,−vx, 0),
2
e(
E+
1
c
[v,H]
)
∂f
∂p
=
e
ω
Ey
[
kvy
∂f
∂px
+ (ω − kvx) ∂f
∂py
]
.
Let us operate with the successive-approximations method, considering as
small parametre size of intensity of electric field. Let us copy the equation
(1.1) in the form
∂f (k)
∂t
+ vx
∂f (k)
∂x
=
= −eEy
ω
[
kvy
∂f (k−1)
∂px
+ (ω − kvx)∂f
(k−1)
∂py
]
, k = 1, 2. (1.2)
Here f (0) = f0(v) is the absolute Fermi—Dirac distribution,
f0(v) =
[
1 + exp
E− µ
kBT
]−1
,
E =
mv2
2
is the electrons energy, µ is the chemical potential of electronic
gas, kB is the Boltzmann constant, T is the plasma temperature.
Let us consider, that intensity of electric field varies harmoniously:
E = E0e
i(kr−ωt).
Wave vector we will direct along an axis x: k = k(1, 0, 0), and intensity of
electric field we will direct along an axis y: E = Ey(0, 1, 0).
We notice that
[v,H]
∂f0
∂p
= 0,
because
∂f0
∂p
∼ v.
We search for the solution as a first approximation in the form
f (1) = f0(P ) + f1,
where f1 ∼ Ey.
In this approximation the equation (1.2) becomes simpler
∂f1
∂t
+ vx
∂f1
∂x
= −eEy∂f0
∂py
. (1.3)
3
From (1.3) we receive
f1 =
2ieEy
pT
Pyg(P )
ω − kvTPx , (1.4)
where
g(P ) =
eP
2−α
(1 + eP 2−α)2
, P =
p
pT
.
Here vT =
√
2kBT/m is the thermal electrons velocity, pT = mvT is the
thermal electrons momentum, P is the dimensionless momentum.
In the second approximation for the solution of the equation (1.2) we
search in the form
f (2) = f (1) + f2,
where f2 ∼ E2y .
From the equation (1.2) it is found
f2 =
e2E2y
p2Tω
[
kvTP
2
y
∂
∂Px
( g(P )
ω − kvTPx
)
+
∂(Pyg(P ))
∂Py
]
1
ω − kvTPx . (1.5)
Distribution function in the second approximation across the field is con-
structed
f = f (2) = f (0) + f1 + f2, (1.6)
where f1, f2 are given by equalities (1.4) and (1.6).
Let us find electric current density
j = e
∫
vf
2d3p
(2pi~)3
. (1.7)
From equalities (1.4) – (1.6) it is visible, that the vector of density of a
current has two nonzero components
j = (jx, jy, 0).
Here jy is the density of transversal current,
jy = e
∫
vyf
2d3p
(2pi~)3
= e
∫
vyf1
2d3p
(2pi~)3
. (1.8)
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This current is directed along an electromagnetic field, its density it is
defined only by the first approximation of function of distribution. The second
approximation of function of distribution the contribution to current density
does not bring.
The density of the transversal current is defined by equality
jy =
ie2k3T
2pi3m
Ey(x, t)
∫
P 2y g(P )d
3P
ω − kvTPx .
For density of the longitudinal current according to its definition it is had
jx = e
∫
vxf
2d3p
(2pi~)3
= e
∫
vxf2
2d3p
(2pi~)3
=
2evTp
3
T
(2pi~)3
∫
Pxf2d
3P.
By means of (1.6) from here it is received, that
jx = e
3E2y
2mv2T
(2pi~)3ω
∫ [
∂(Pyg(P ))
∂Py
+ kvTP
2
y
∂
∂Px
( g(P )
ω − kvTPx
)] Pxd3P
ω − kvTPx .
(1.9)
In the first integral from (1.9) internal integral on Py it is equal to zero.
In the second integral from (1.9) internal integral on Px it is calculated in
parts
∞∫
−∞
∂
∂Px
( g(P )
ω − kvTPx
) PxdPx
ω − kvTPx = −ω
∞∫
−∞
g(P )dPx
(ω − kvTPx)3 .
Hence, equality (1.9) becomes simpler
jx = −e3E2y
2mv3Tk
(2pi~)3
∫
g(P )P 2y d
3P
(ω − kvTPx)3 =
e3E2yq
4pi3~mv2T
∫
g(P )P 2y d
3P
(qPx − Ω)3 . (1.10)
Here
Ω =
ω
kTvT
, q =
k
kT
.
Equality (1.10) is reduced to one-dimensional integral
jx =
e3E2yq
8pi2~mv2T
∞∫
−∞
ln(1 + eα−P
2
x )dPx
(qPx − Ω)3 . (1.11)
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Let us find numerical density (concentration) of particles of the plasma,
corresponding to Fermi—Dirac distribution
N =
∫
f0(P )
2d3p
(2pi~)3
=
8pip3T
(2pi~)3
∞∫
0
eα−P
2
P 2dP
1 + eα−P 2
=
k3T
2pi2
l0(α),
where kT is the thermal wave number, kT =
mvT
~
,
l0(α) =
∞∫
0
ln(1 + eα−P
2
)dP.
In expression before integral from (1.11) we will allocate the plasma (Lang-
muir) frequency
ωp =
√
4pie2N
m
and numerical density (concentration) N , and last we will express through
thermal wave number. We will receive
jx
long = E2y
eΩ2p
pT
q
16pil0(α)
∞∫
−∞
ln(1 + eα−τ
2
)dτ
(qτ − Ω)3 ,
where Ωp =
ωp
kTvT
=
~ωp
mv2T
is the dimensionless plasma frequency.
This equality we will copy in the form
jlongx = Jclassic(Ω, q)σl,trkE
2
y , (1.12)
where σl,tr is the longitudinal–transversal conductivity, Jclassic(Ω, q) is the
dimensionless part of current,
σl,tr =
e~
p2T
(
~ωp
mv2T
)2
=
e
pTkT
Ω2p,
Jclassic(Ω, q) =
1
16pil0(α)
∞∫
−∞
ln(1 + eα−τ
2
)dτ
(qτ − Ω)3 .
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The integral from dimensionless part of current is calculated according to
to known Landau rule
∞∫
−∞
ln(1 + eα−τ
2
)dτ
(qτ − Ω)3 = −i
pi
2q3
[
ln(1 + eα−τ
2
)
]′′∣∣∣∣∣
τ=Ω/q
+
+V.p.
∞∫
−∞
ln(1 + eα−τ
2
)dτ
(qτ − Ω)3 .
Symbol V.p. before integral means, that integral it is understood in sense
of a principal value.
Let us introduce the transversal electromagnetic field
Etr = E− k(Ek)
k2
= E− q(Eq)
q2
.
Equality (1.12) can be written down in the invariant form
jlong = Jclassic(Ω, q)σl,trkE
2
tr.
Let us pass to consideration of the case of small values of wave number.
From expression (1.10) at small values of wave number it is received
jclassicx = −
2e3E2ymv
3
Tk
(2pi~)3ω3
∫
g(P )P 2y d
3P = −e
3E2yk
3
T l0(α)
4pi2ω3
k =
= − 1
8pi
· e
mω
(ωp
ω
)2
kE2y . (1.13)
2 KINETIC EQUATION FOR WIGNER FUCTION
Shro¨dinger equation
i~
∂ρ
∂t
= Hρ−H∗′ρ
for density matrix ρ under condition of calibration divA = 0 it will be
transformed in the kinetic equation [18]
∂f
∂t
+ v
∂f
∂r
+W [f ] = 0, (2.1)
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written down concerning quantum distribution Wigner function
f(r,p, t) =
∫
ρ(r+
a
2
, r− a
2
, t)e−ipa/~d3a,
besides
ρ(R,R′, t) =
1
(2pi~)3
∫
f(
R+R′
2
,p, t)eip(R−R
′)/~d3p.
Here H is the Hamilton operator, H∗ is the complex conjugated to H
operator, H∗′ is the complex conjugated to H operator, acting on the shaded
spatial variables r′. The scalar potential is considered equal to zero. Integral
of Wigner is equal (see, example, [11]):
W [f ] =
∫∫ {
− e
2mc
[
A(r+
a
2
, t) +A(r− a
2
, t)− 2A(r, t)
]∂f
∂r
−
− ie
mc~
[
A(r+
a
2
, t)−A(r− a
2
, t)
]
p′f+
+
ie2
2mc2~
[
A2(r+
a
2
, t)−A2(r− a
2
, t)
]
f } ei(p′−p)a/~d
3a d3p′
(2pi~)3
.
Vector potential of an electromagnetic field we take orthogonal to direction
of the wave vector k (kA = 0) in the form of running harmonious wave
A(r, t) = A0e
i(kr−ωt).
We transform the previous expression of Wigner integral (see, example,
[11]). We find that
W [f ] = −A(r, t) e
2mc
[
∇f(r,p− ~k
2
, t)+∇f(r,p+ ~k
2
, t)−2∇f(r,p, t)
]
−
−A(r, t) ie
mc~
{
p
[
f(r,p− ~k
2
, t)− f(r,p+ ~k
2
, t)
]
+
+A2(r, t)
ie2
2mc2~
[
f(r,p− ~k, t)− f(r,p+ ~k, t)
]
. (2.2)
Let us enter local and absolute distributions of Fermi—Dirac
f (0) = f0(r,C, t) = [1 + exp(C
2 − α)]−1,
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and
f (0) = f0(P ) = [1 + exp(P
2 − α)]−1.
Here
C ≡ C(r,P, t) = v
vT
= P− e
cpT
A(r, t), α =
µ
kBT
,
C is the dimensionless electrons velocity, vT = 1/
√
β is the thermal electrons
velocity, β = m/2kBT , P = p/pT is the dimensionless electrons momentum,
m is the electron mass, kB is the Boltzmann constant, T is the plasma
temperature, µ is the chemical potential of electronical gas, α is the dimen-
sionless chemical potential.
Let us show, that the first composed in Wigner integral (2.2) equals
to zero. We will notice, that according to problem statement gradient of
quantum distribution function it is proportional to the vector k: ∇f ∼ k.
Therefore
A(r, t)
[
∇f(r,p− ~k
2
, t) +∇f(r,p+ ~k
2
, t)− 2∇f(r,p, t)
]
∼ Ak = 0.
Thus, Wigner integral is equal
W [f ] = pA
ie
mc~
[
f(r,p+
~k
2
, t)− f(r,p− ~k
2
, t)
]
+
−A2 ie
2
2mc2~
[
f(r,p+ ~k, t)− f(r,p− ~k, t)
]
.
Let us return to the kinetic equation (2.1). We will consider convectional
derivative from this equation
v
∂f
∂r
=
( p
m
− e
mc
A(r, t)
)∂f
∂r
.
Thanks to conditions
∂f
∂r
∼ k, Ak = 0
we receive that
v
∂f
∂r
=
p
m
∂f
∂r
= vTP
∂f
∂r
.
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Let us solve further kinetic Wigner equation for quantum distributions
function
∂f
∂t
+ vTP
∂f
∂r
+
ievTPA
c~
[
f(r,P+
q
2
, t)− f(r,P− q
2
, t)
]
−
−A2 ie
2
2mc2~
[
f(r,P+ q, t)− f(r,P− ~q, t)
]
= 0. (2.3)
Here
q =
~k
pT
=
k
kT
, kT =
pT
~
,
kT is the thermal wave number, q is the dimensionless wave number.
3 SOLUTION OF WIGNER EQUATION
Let us consider as small parametre size of vector potential of electromag-
netic field A(r, t). The solution of the equations (2.3) we will be to search
by the method of consecutive approximations.
As the first approach for the solution we search in the form, linear on
vector potential concerning to absolute distribution of Fermi—Dirac:
f (1) = f0(P ) + f1, f1 ∼ A(r, t). (3.1)
As the first approximation we take linear concerning to vector potential a
part of Wigner equation
∂f
∂t
+ vTP
∂f
∂r
+
ievTPA
mc~
[
f0(P+
q
2
)− f0(P− q
2
)
]
= 0. (3.2)
Here
f0
(
P± q
2
)
=
[
1 + exp
[(
P± q
2
)2
− α
]]−1
.
Substituting (3.1) in (3.2), we receive the equation
−i(ω − vTkP)f1 = −ievT
c~
PA
[
f0(P+
q
2
)− f0(P− q
2
)
]
.
From this equation we receive
f1 =
evT
c~
PA
f0(P+ q/2)− f0(P− q/2)
ω − vTkP . (3.3)
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Hence, as a first approximation according to (3.1) and (3.3) the solution
it is constructed
f (1) = f0(P ) +
evT
c~
PA
f0(P+ q/2)− f0(P− q/2)
ω − vTkP . (3.4)
In the second approach we search for the solution in the form
f (2) = f (1) + f2, f2 ∼ A2(r, t).
In the equation (2.3) in the first square bracket function f we will replace
on f (1), and in the second square bracket function f we will replace on f0,
i.e. f (2) we search from the equation
∂f (2)
∂t
+ vTP
∂f (2)
∂r
+
ievTPA
c~
[
f (1)(r,P+
q
2
, t)− f (1)(r,P− q
2
, t)
]
−
−A2 ie
2
2mc2~
[
f0(P+ q)− f0(P− q)
]
= 0. (3.5)
In this equation according to (3.4)
f (1)
(
P+
q
2
)
= f0
(
P+
q
2
)
+
evT
c~
(
P+
q
2
)
A
f0(P+ q)− f0(P )
ω − vTk(P+ q/2) ,
f (1)
(
P− q
2
)
= f0
(
P− q
2
)
+
evT
c~
(
P− q
2
)
A
f0(P )− f0(P− q)
ω − vTk(P− q/2) ,
We notice that
Aq = 0, because Aq ∼ Ak = 0.
Therefore the previous two parities become simpler
f (1)
(
P− q
2
)
= f0
(
P− q
2
)
+
evT
c~
(PA)
f0(P )− f0(P− q)
ω − vTk(P− q/2) ,
f (1)
(
P+
q
2
)
= f0
(
P+
q
2
)
+
evT
c~
(
PA
)f0(P+ q)− f0(P )
ω − vTk(P+ q/2) .
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The equation (3.5) we will copy in an explicit form
∂f (1)
∂t
+ vTP
∂f (1)
∂r
+
ievTPA
c~
[
f0(P+
q
2
)− f0(P− q
2
)
]
+
+
∂f2
∂t
+ vTP
∂f2
∂r
+ i
e2v2T (PA)
2
c2~2
[f0(P+ q)− f0(P )
ω − vTk(P+ q/2)−
−f0(P )− f0(P− q)
ω − vTk(P− q/2)
]
− ie
2A2
2mc2~
[
f0(P+ q)− f0(P− q)
]
= 0.
First three composed in this equation give zero agree to the equation (3.2).
The rest part of equation leads to equality
−2i(ω − vTkP)f2 = −ie
2v2T (PA)
2
c2~2
[f0(P+ q)− f0(P )
ω − vTk(P+ q/2)−
−f0(P )− f0(P− q)
ω − vTk(P− q/2)
]
+
ie2A2
2mc2~
[
f0(P+ q)− f0(P− q)
]
.
From here we find that
f2 =
e2v2T (PA)
2
2c2~2(ω − vTkP)
[f0(P+ q)− f0(P )
ω − vTk(P+ q/2)−
−f0(P )− f0(P− q)
ω − vTk(P− q/2)
]
− e
2A2
4mc2~
f0(P+ q)− f0(P− q)
ω − vTkP . (3.6)
So, quantum distribution function of Wigner is constructed and it is
defined by equalities (3.1), (3.3) and (3.6): f = f0(P ) + f1 + f2, or, is more
detailed
f = f0(P ) +
evT
c~
PA
f0(P+ q/2)− f0(P− q/2)
ω − vTkP +
e2v2T (PA)
2
2c2~2(ω − vTkP)×
×
[f0(P+ q)− f0(P )
ω − vTk(P+ q/2) +
f0(P− q)− f0(P )
ω − vTk(P− q/2)
]
−
− e
2A2
4mc2~
f0(P+ q)− f0(P− q)
ω − vTkP .
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4 ELECTRICAL CURRENT IN QUANTUM PLASMA
By definition, the electric current density is equal
j(r, t) = e
∫
v(r,p, t)f(r,p, t)
2 d3p
(2pi~)3
. (4.1)
Substituting in equality (4.1) obvious expression for velocity
v(r,P, t) = vTP− eA(r, t)
mc
,
and distribution function according to equality f = f0(P ) + f1 + f2.
Leaving linear and square-law expressions concerning vector potential of
a field, we receive
j =
2ep3T
(2pi~)3
∫ [
vTPf1 − e
mc
Af0(P )
]
d3P+
+
2ep3T
(2pi~)3
∫ [
vTPf2 − e
mc
Af1
]
d3P. (4.2)
Let us show, that the formula (4.2) for electric current density contains
two nonzero components: j = (jx, jy, 0). One component jy it is linear on
potential of an electromagnetic field and is directed lengthways field. It is the
known formula for electric current density, so-called "transversal current".
The second component jx is quadratic on potential of field also and it is
directed along the wave vector. It is "longitudinal current".
The first composed in (4.2) is linear on vector potential expression, and
second is square-law. We will write out these composed in obvious form
jlinear =
2ep3T
(2pi~)3
∫ [
ev2T
c~
P(PA)
f0(P+ q/2)− f0(P− q/2)
ω − vTkP −
eA
mc
f0(P )
]
d3P
(4.3)
and
jquadr =
2ep3T
(2pi~)3
∫ [
− e
2vTA(PA)
mc2~
[
f0(P+
q
2
)− f0(P− q
2
)
]
+
13
+
e2v3TP(PA)
2
2c2~2
[f0(P+ q)− f0(P )
ω − vTk(P+ q/2) −
f0(P )− f0(P− q)
ω − vTk(P− q/2)
]
−
−e
2vTPA
2
4mc2~
[
f0(P+ q)− f0(P− q)
]] d3P
ω − vTkP . (4.4)
Expression (4.3) is linear expression of the electric current, found, in
particular, in our previous work [11]. This vector expression contains only
one component, directed along the electromagnetic fields. Really, if a wave
vector to direct along an axis x i.e. to take k = k(1, 0, 0), and potential
electromagnetic fields to direct along an axis y, i.e. to take
A(r, t) = (0, Ay(x, t), 0),
from the formula (4.3) we receive
jlineary = −
2e2p3TAy
(2pi~)3mcq
∫ (f0(Px + q/2)− f0(Px − q/2)
Px − Ω/q P
2
y + qf0(P )
)
d3P.
(4.5)
Here
f0(Px ± q/2) =
[
1 + e(Px±q/2)
2+P 2
y
+P 2
z
−α
]−1
, Ω =
ω
kTvT
.
Let us consider expression for an electric current (4.4), proportional to a
square of potential of an electromagnetic field. Let us notice, that the first
composed in this expression is equal to zero. Hence, this expression becomes
simpler
jquadr =
2ep3T
(2pi~)3
∫ [
e2v3TP(PA)
2
2c2~2(ω − vTkP)
[f0(P+ q)− f0(P )
ω − vTk(P+ q/2)+
+
f0(P− q)− f0(P )
ω − vTk(P− q/2)
]
− e
2vTPA
2
4mc2~
f0(P+ q)− f0(P− q)
ω − vTkP
]
d3P. (4.6)
Let us notice, that vector expression (4.6) contains one nonzero of the
electric current component, directed along the wave vector
jx
quadr =
e3p3TA
2
y
(2pi~)3c2m2vT
∫ [[f0(Px + q)− f0(P )
qPx + q2/2− Ω +
f0(Px − q)− f0(P )
qPx − q2/2− Ω
]
P 2y+
14
+
1
2
[
f0(Px + q)− f0(Px − q)
]] Pxd3P
qPx − Ω . (4.7)
Let us lead to a kind convenient for calculations, the formula (4.7) for
density of a longitudinal current.
Let’s consider the first integral from (4.7). We will calculate the internal
integrals in plane (Py, Pz), passing to polar coordinates
∫
f0(Px ± q)P 2y dPydPz = pi
∞∫
0
ρ ln(1 + eα−(Px±q)
2−ρ2)dρ,
∫
f0(Px ± q)dPydPz = pi ln(1 + eα−(Px±q)2).
Thus, size of density of generated longitudinal current into quantum plasma
it is equal
jquantx =
pie3p3TA
2
y
(2pi~)3m2c2vT
∞∫
−∞
[
L(Px + q, Px)
qPx + q2/2− Ω +
L(Px − q, Px)
qPx − q2/2− Ω+
+
1
2
ln
1 + eα−(Px+q)
2
1 + eα−(Px−q)2
]
PxdPx
qPx − Ω . (4.8)
Here
L(Px ± q, Px) =
∞∫
0
ρ ln
1 + eα−(Px±q)
2−ρ2
1 + eα−P 2x−ρ2
dρ.
Let us transform the expression standing in integral (4.8). At first let us
pass from potential to intensity of a field Ay = −(ic/ω)Ey. We will receive
pie3p3TA
2
y
(2pi~)3m2c2vT
= − pie
3k3TE
2
y
8pi3m2vTω2
.
Let us transform this expression by means of expression for the thermal
wave numbers kT . We receive, that
− pie
3k3TE
2
y
8pi3m2vTω2
= − e
3NE2y
4l0(α)m2vTω2
= − 1
16pi
· e
mvT
(ωp
ω
)2
E2y =
15
= − 1
16pi
e
pT
(Ωp
Ω
)2
E2y = −
1
16pil0(α)Ω2
eΩ2p
pT
E2y = −
1
16pil0(α)qΩ2
σl,trkE
2
y ,
where the quantity of longitudinal–transversal coductivity σl,tr was introduced
in part 1: σl,tr = eΩ
2
p/(pTkT ).
Now equality (4.8) we will present in the form
jquantx = Jquant(Ω, q)σl,trkE
2
y(x, t). (4.9)
In (4.9) Jquant(Ω, q) is the density of dimensionless longitudinal current,
Jquant(Ω, q) = − 1
16pil0(α)qΩ2
∞∫
−∞
[
L(τ + q, τ)
qτ + q2/2− Ω +
L(τ − q, τ)
qτ − q2/2− Ω+
+
1
2
ln
1 + eα−(τ+q)
2
1 + eα−(τ−q)2
]
τdτ
qτ − Ω . (4.10)
Let us transform integral from (4.10) from the first composed
J1 =
∞∫
−∞
[
L(τ + q, τ)
qτ + q2/2− Ω +
L(τ − q, τ)
qτ − q2/2− Ω
]
τdτ
qτ − Ω = J2 + J3.
Here
J2 =
∞∫
−∞
L(τ + q, τ)τdτ
(qτ + q2/2− Ω)(qτ − Ω),
J3 =
∞∫
−∞
L(τ − q, τ)τdτ
(qτ − q2/2− Ω)(qτ − Ω).
In integral J2 we will make variable replacement τ → τ − q/2, and in
integral J3 we will make replacement τ → τ + q/2. As result it is received
J2 =
∞∫
−∞
L(τ + q/2, τ − q/2)(τ − q/2)dτ
(qτ − Ω)(qτ − q2/2− Ω) ,
J3 =
∞∫
−∞
L(τ − q/2, τ + q/2)(τ + q/2)
(qτ − Ω)(qτ + q2/2− Ω) .
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We notice that
L(τ − q/2, τ + q/2) =
∞∫
0
ρ ln
1 + eα−(τ−q/2)
2−ρ2
1 + eα−(τ+q/2)2−ρ2
dρ =
= −
∞∫
0
ρ ln
1 + eα−(τ+q/2)
2−ρ2
1 + eα−(τ−q/2)2−ρ2
dρ = −L(τ + q/2, τ − q/2).
Hence, integral J1 equals
J1 =
∞∫
−∞
L(τ + q/2, τ − q/2)
qτ − Ω
[ τ − q/2
qτ − q2/2− Ω −
τ + q/2
qτ + q2/2− Ω
]
dτ =
= qΩ
∞∫
−∞
L(τ + q/2, τ − q/2)dτ
(qτ − Ω)[(qτ − Ω)2 − q4/4].
Let us calculate the second integral from (4.10)
J4 =
1
2
∞∫
−∞
ln
1 + eα−(τ+q)
2
1 + eα−(τ−q)2
τdτ
qτ − Ω =
=
1
2q
∞∫
−∞
ln
1 + eα−(τ+q)
2
1 + eα−(τ−q)2
(
1 +
Ω
qτ − Ω
)
dτ =
=
Ω
2q
∞∫
−∞
ln
1 + eα−(τ+q)
2
1 + eα−(τ−q)2
dτ
qτ − Ω =
=
Ω
2q
∞∫
−∞
ln(1 + eα−x
2
)
[ 1
qx− q2 − Ω −
1
qx+ q2 − Ω
]
dx =
= Ωq
∞∫
−∞
ln(1 + eα−x
2
)dx
(qx− Ω)2 − q4/4dx.
Finally, integral (4.10) equals
Jquant(Ω, q) = − 1
16pil0(α)Ω2
[ ∞∫
−∞
L(τ + q/2, τ − q/2)dτ
(qτ − Ω)[(qτ − Ω)2 − q4/4]+
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+∞∫
−∞
ln(1 + eα−x
2
)dx
(qx− Ω)2 − q4/4dx
]
. (4.11)
At calculation singular integral from (4.10), which not writing out let us
designate through I(Ω, q), it is necessary to take advantage known Landau
rule. Then
I(Ω, q) = Re I(Ω, q) + i Im I(Ω, q).
Here
Re I(Ω, q) = V.p.
∞∫
−∞
L(τ + q/2, τ − q/2)dτ
(qτ − Ω)[(qτ − Ω)2 − q4/4]+
+V.p.
∞∫
−∞
ln(1 + eα−x
2
)dx
(qx− Ω)2 − q4/4dx,
Symbol V.p. means principal value of integral also,
Im I(Ω, q) = − pi
q4
{
(q2 − 2Ω)L
(q
2
+
Ω
q
,−q
2
+
Ω
q
)
+
+(q2 + 2Ω)L
(
− q
2
+
Ω
q
,
q
2
+
Ω
q
)
+
+2Ω
[
L
(Ω
q
+ q,
Ω
q
)
− L
(Ω
q
− q, Ω
q
)
]
+
Ωq2
2
ln
1 + eα−(Ω/q+q)
2
1 + eα−(Ω/q−q)2
}
.
Considering antisymmetry of function L(X, Y ) on the variables (L(X, Y ) =
−L(Y,X)), we will simplify expression for an imaginary part of density of
the dimensionless current. It is as a result received, that
Im I(Ω, q) = −piΩ
q4
[
− 4L
(q
2
+
Ω
q
,−q
2
+
Ω
q
)
+
+2Ω
[
L
(Ω
q
+ q,
Ω
q
)
− L
(Ω
q
− q, Ω
q
)]
+
Ωq2
2
ln
1 + eα−(Ω/q+q)
2
1 + eα−(Ω/q−q)2
]
.
Equality (4.10) for density of a longitudinal current we will present into
the vector form
jquant = Jquant(Ω, q)σl,trkE
2
tr.
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Let us show, that at small values of wave number density longitudinal
current both in quantum and in classical plasma coincide.
According to (4.7) at small q after linearization f0(Px ± q) it is received
jquantx =
2e3p3TA
2
yq
(2pi~)3c2m2vTΩ
∫
g(P )P 2xd
3P =
2pie3p3TA
2
yl0(α)
(2pi~)3c2m2ω
k.
Let us take advantage of relation of thermal wave number with the nume-
rical density, and also relation of potential and intensity of electromagnetic
field. We receive, that
jquantx = −
1
8pi
· e
mω
(ωp
ω
)2
kE2y . (4.11)
Expression (4.11) in accuracy coincides with (1.12). These expressions let
us copy in the vector kind
jlong = − 1
8pi
· e
mω
(ωp
ω
)2
kE2tr.
5 CONCLUTIONS
Graphic investigations of sizes of density of longitudinal current we will
spend for case: chemical potential equals to zero (α = 0). Curves 1 answer
to classical plasma, curves 2 to quantum.
On figs. 1 and 2 we will present behaviour real (fig. 1) and imaginary
(fig. 2) parts of density of dimensionless longitudinal current at Ω = 0.5
Depending on dimensionless wave number q. At decrease parametre Ω curves
1 and 2 approach and become indiscernible.
On fig. 3 and 4 we will represent behaviour real (fig. 3) and imaginary (fig.
4) density parts of longitudinal current depending on dimensionless wave
number q in the case Ω = 1. From these drawings it is visible, that with
growth dimensionless frequency of oscillations of an electromagnetic field of
ordinate graphics quickly decrease.
On fig. 5 and 6 we will represent behaviour real (fig. 5) and imaginary
(fig. 6) parts of longitudinal current depending on dimensionless frequency
of oscillations of electromagnetic field Ω in the case q = 0.3. At reduction
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dimensionless wave number q curves 1 and 2 approximate and at small q
practically coincide.
On figs. 7–10 we sonsider behaviour of classical plasmas.
On fig. 7 and 8 the behaviour real (fig. 7) and imaginary (fig. 8) is
represented parts of longitudinal current depending on dimensionless wave
number, Ω. Curves 1,2,3 accordingly answer values dimensionless chemical
potential α = −5, 0, 3.
On fig. 9 and 10 we will represent behaviour real (fig. 9) and imaginary (fig.
10) parts of longitudinal current depending on dimensionless wave number q
in a case Ω = 1. Curves 1,2,3 answer according to values of the dimensionless
chemical potential α = −5, 0, 3.
In the present work the account of nonlinear character of interaction
electromagnetic field with classical and quantum plasma is considered. It has
appeared, that the account of nonlinearity of an electromagnetic field finds
out generating of an electric current, orthogonal to a direction of electromag-
netic field.
Further authors purpose to consider new problems about oscillations plas-
mas and about skin-effect with use square-law onto potential of expansion of
distribution function.
Список литературы
1. Klimontovich Y. and Silin V.P. The Spectra of Systems of Interacting
Particles // JETF (Journal Experimental Theoreticheskoi Fiziki), 23,
151 (1952).
2. Lindhard J. On the properties of a gas of charged particles // Kongelige
Danske Videnskabernes Selskab, Matematisk–Fysiske Meddelelser. V. 28,
№8 (1954), 1–57.
3. Kliewer K.L. and Fuchs R. Lindhard Dielectric Functions with a Finite
Electron Lifetime // Phys. Rev. 1969. V. 181. №2. P. 552–558.
4. Mermin N. D. Lindhard Dielectric Functions in the Relaxation–Time
Approximation // Phys. Rev. B. 1970. V. 1, №5. P. 2362–2363.
20
5. Anderson D., Hall B., Lisak M., and Marklund M. Statistical effects in
the multistream model for quantum plasmas // Phys. Rev. E 65 (2002),
046417.
6. De Andre´s P., Monreal R., and Flores F. Relaxation–time effects in
the transverse dielectric function and the electromagnetic properties of
metallic surfaces and small particles // Phys. Rev. B. 1986. Vol. 34,№10,
7365–7366.
7. Shukla P. K. and Eliasson B. Nonlinear aspects of quantum plasma
physics // Uspekhy Fiz. Nauk, 53(1) 2010; [V. 180. No. 1, 55-82 (2010)
(in Russian)].
8. Eliasson B. and Shukla P.K. Dispersion properties of electrostatic
oscillations in quantum plasmas // arXiv:0911.4594v1 [physics.plasm-ph]
24 Nov 2009, 9 pp.
9. Dressel M. and Gru¨ner G. Electrodynamics of Solids. Optical Properties
of Electrons in Matter // Cambridge. Univ. Press. 2003. 487 p.
10. Fuchs R. and Kliewer K.L. Surface plasmon in a semi–infinite free–
electron gas // Phys. Rev. B. 1971. V. 3. №7. P. 2270–2278.
11. Latyshev A.V. and Yushkanov A.A. Transverse Electric Conductivity in
Collisional Quantum Plasma// Plasma Physics Report, 2012, Vol. 38,
No. 11, pp. 899–908.
12. Latyshev A.V. and Yushkanov A.A. Transverse electrical conductivity
of a quantum collisional plasma in the Mermin approach // Theor. and
Math. Phys., 175(1): 559–569 (2013).
13. Latyshev A.V., Yushkanov A.A. Longitudinal Dielectric Permeability of
a Quntum Degenerate Plasma with a Constant Collision Frequency//
High Temperature, 2014, Vol. 52, №1, pp. 128–128.
14. Latyshev A.V., Yushkanov A.A. Longitudinal electric conductivity in a
quantum plasma with a variable collision frequency in the framework of
the Mermin approach// Theor. and Math. Phys., 178(1): 131-142 (2014).
21
15. Ginzburg V.L., Gurevich A.V. Nonlinear phenomena in plasma in
variable electromagnetic field// Uspekhy Fiz. Nauk. 1960. V.70, issue
2, p. 201–246 [russian].
16. Zytovich V.N. Nonlinear effects in plasma// Uspekhy fis. nauk. 1966. Т.
90, вып. 3, с. 435–489 [russian].
17. Kovrizhkhykh L.M. and Tsytovich V.N. Effects of transverse
electromagnetic wave decay in a plasma//Soviet Physics JETP.
1965. V. 20. №4, 978-983.
18. Silin V.P., Rukhadze А.А. Electromagnetic properties of plasma and
plasma like matters. Moscow: Gostechisdat. 1961. 243 p. [russian].
22
1 2
-0.5
0.0
 
1
2
q
Re J
Fig. 1. Real part of density of dimensionless current, Ω = 0.5.
1 2
-0.8
-0.4
0.0
 
 
1
2
q
Im J
Fig. 2. Imaginary part of density of dimensionless current, Ω = 0.5.
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Fig. 3. Real part of density of dimensionless current, Ω = 1.
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Fig. 4. Imaginary part of density of dimensionless current, Ω = 1.
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Fig. 5. Real part of density of dimensionless current, q = 0.3.
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Fig. 6. Imaginary part of density of dimensionless current, q = 0.3.
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Fig. 7. Real part of density of dimensionless current in classical plasma, q = 1. Curves
1,2,3 correspond to values of dimensionless chemical potential α = −5, 0, 3.
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Fig. 8. Imaginary part of density of dimensionless current in classical plasma, q = 1.
Curves 1,2,3 correspond to values of dimensionless chemical potential α = −5, 0, 3.
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Fig. 9. Real part of density of dimensionless current in classical plasma, Ω = 1. Curves
1,2,3 correspond to values of dimensionless chemical potential α = −5, 0, 3.
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Fig. 10. Imaginary part of density of dimensionless current in classical plasma, Ω = 1.
Curves 1,2,3 correspond to values of dimensionless chemical potential α = −5, 0, 3.
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